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DISCHARGE CHARACTERISTICS OF TAINTER GATES 


by 


Arthur Toch 


Iowa Institute of Hydraulic Research 
State University of Iowa 
Iowa City 


Synopsis 


Although Tainter gates are among the most widely used 
means for the control of water, little has been known 
about their discharge characteristics, Two methods are 
therefore presented which can be used to describe these 
characteristics, The discharge coefficient of the Tainter 
gate for free and submerged flow is shown in its relation- 
ship to parameters expressing the gate geometry. With the 
aid of a simplified theoretical analysis, the energy loss 
occurring during submerged flow is depicted in a similar 
manner, The methods applied herein to Tainter gates on 
level floors should be applicable to other gate shapes. 


Introduction 
Prediction of the efflux characteristics of Tainter 


gates in the course of their design has been possible in 


the past only through specific model studies, The present 
paper is intended to present general methods for their 
evaluation which should prove of use in the design and 


operation of gates. 
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Tainter gates belong to the general class of devices 
for the control of water which also includes sluice gates 
and roller gates, A short survey of previous studies of 
this class is presented here as an introduction to in- 
dicate the extent of their applicability. 

Efflux from two-dimensional slots has sometimes been 
linked with efflux from gates. Thus the coefficient of 
contraction for slots, i. e., the ratio of limiting jet 
thickness to slot height, derived by von Mises [1] has 
been considered applicable to sluice gates, Von Mises!’ 
analysis contains the usual assumptions of the free- 
streamline theory of hydrodynamics: constant velocity 
along the free streamline and constant pressure across the 
jet at infinity. The computed contraction coefficient 
varies widely with the ratio of gate opening to headwater 
depth. The extent to which this analysis applies to real 
gate efflux can only be determined by comparison to ex- 
perimental data. 

A mathematical treatment of sluice-gate efflux was 
presented by Pajer [2]. In his analysis the velocity 
along the free streamline is assumed to vary with eleva- 
tion, This premise contains, implicitly, the concept of 
hydrostatic pressure distribution in the sections of uni- 
form flow. Variation of the coefficient of contraction 
with the ratio of gate opening to headwater depth is small 
as compared to the large variation obtained for slots. 
Pajer shows also that the analytically derived jet pro- 
files agree with experimental measurements, The values of 
the contraction coefficient determined from actual flow 
are, of course, always larger than the corresponding com- 


puted values for irrotational flow, because the jet geom- 
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etry is modified by the decelerative action of the bound- 
ary shear. Moreover, contraction coefficients derived 
from the analysis are based on the section of uniform flow 
at infinity, whereas continued boundary resistance causes 
the actual vena contracta to be located only a short dis- 
tance from the gate. 

Pajer's mathematical treatment of efflux from a 
sluice gate can be considered only as applying to the 
limiting condition of a Tainter gate with infinite radius 
and 90-degree lip angle. Application of the free-stream- 
line theory to the curved surface of the Tainter gate is 
unfortunately not feasible because of the mathematical dif- 
ficulties usually involved in treating any but straight 
solid boundaries. Hydrodynamic theory could be used in 
the form of Southwell's relaxation method to obtain theo- 
retical solutions for the curved Tainter gate. This me- 
thod is extremely tedious, however, and each solution 
would be applicable only to the particular geometric pro— 
portions chosen, 

Because of the limitations imposed by the assunptions 
of irrotationality [3], any such application of hydro- 
dynamic theory must be confined to free-jet efflux, for 
which the tailwater does not interfere with the jet em- 


anating from the gate. Under conditions of submerged 
efflux, for which the tailwater depth is greater than the 
sequent depth at which the jet would form a hydraulic junp 
an approximation of the actual flow can be accomplished by 


use of equations expressing continuity and impulse-momen- 
tum, and a modification of the Bernoulli equation. This 
method is given in some detail on a later page. Similar 
derivations have been published [4], but not in readily 
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applicable form. 

Horton [5] proposed another method of determining the 
free-jet efflux from Tainter gates. Recurrent references 
indicate the advisability of including it in this review. 
In his method a constant multiplier was to be used to con- 
vert "theoretical" to actual discharge coefficients. The 
multiplier was obtained by comparing a limited nunber of 
experimentally determined discharge coefficients with the 
corresponding "theoretical" coefficients, The experiment- 
al coefficients were apparently obtained by using a sluice 
gate with a beveled lip, The equation by means of which 
the "theoretical" coefficients are to be calculated was 
written by Koch and Carstanjen [6] for contraction coef- 
ficients and based on several approximations which are far 
removed from actual flow conditions. Any agreement be- 
tween coefficients derived from actual Tainter-gate dis- 
charge and the "theoretical" coefficients is, therefore, 
fortuitous. 

Experimentally, the Tainter gate has undergone con- 
siderable scrutiny. Many small-scale tests have been 
made, often on models for particular projects. The usual 
efflux equation was generally employed and the attempt 
made to find that definition of head which would give min- 
imum variation of tne discharge coefficient. Agreement 
has never been reached on which definition of head - total 
depth, depth to mid-height of opening, or another - should 
be used for best results. This disagreement can be re- 
solved by noting that all such definitions stand in simple 
geometric relation to each other and that none is simply 
significant over the entire geometric range. 

Such lack of coordinated knowledge regarding Tainter- 
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gate characteristics led to the writing of this paper. In 
the following pages a systematic graphical representation 
of the relationship among the pertinent variables is in- 
dicated. An approximate analysis, based on a few assump- 
tions, permits the energy changes for submerged efflux to 


be assessed, 


Experimental Procedure 


To permit generalization of the variety of field in- 
stallations of Tainter gates, the laboratory studies were 
made on simply designed models at the Iowa Institute of 
Hydraulic Research. The first of these [7] consisted of 
a gate and pier simulating a specific project (8). The 
gate, with a radius of 2.17 feet, had a fixed trunnion 
height of 1.42 feet. The gate opening of the model was 
adjustable like that of the prototype. In the second 
model [9] the pier was eliminated, but the trunnion height 
of the gate was made adjustable. The radius of this gate 
was 1 foot. Both models were located in laboratory flunes 
of rectangular cross-section with level fioors, 30 inches 
and 12 inches wide, respectively. 

Water was supplied from the circulation system of the 
laboratory, and the quantity of flow was measured by means 
of calibrated elbow meters and air-water manometers, The 
depths of flow upstream and downstream from the gates were 
measured by point gages and by manometers connected to 
piezometric openings in the floors of the flunmes, 

Both series of experiments were made in the following 
systematic manner, For a given gate opening and discharge, 
the tailwater elevation was varied, with the headwater 
free to reach a corresponding depth. In the first series, 
several gate openings, each with a number of discharges, 
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General Considerations 


Similar runs were made in the second 


were thus tested, 
series of experiments, with the additional variation of 


the trunnion height. 


Discussion of Results 


As previously mentioned, two different states of 
effiux can occur in the flow of water from a gate. For 
free-jet flow, loss of energy in passage through the gate 
opening is small, For submerged efflux, a considerable 
part of the kinetic energy of the flow is dissipated in 
diffusion directly downstream from the gate, The trans- 
ition from free-jet to submerged flow can be pictured by 
assuming a hydraulic jump to approach the gate from down- 
stream, The characteristics of the free-jet efflux will 
obtain until the toe of the jump reaches the gate. As 
soon as this position is reached, an increase in the head- 
water depth occurs for a constant rate of flow. The head- 
water depth continues to increase as the tailwater level 
rises, and the water surface just below the gate also 
undergoes a change. From the state of turbulent aeration 
of the jump at initial submergence, the flow attains a 
progressively smoother and more nearly level surface as 
the depth of flow increases, until aeration becomes neg- 
ligible and the surface elevation at the gate is but 
littie lower than the subsequent level of the tailwater. 
These visible changes are evidently accompanied by a mod- 
ification of the form of diffusion, As the depth of sub- 
mergence increases and aeration becomes less noticeable, 
the energy of the jet is dissipated with ever less pro- 
duction of surface waves, 

The overall problem of gate efflux can be considered 
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as a function of the geometry alone despite the fact that 
the complex mechanism of diffusion is involved in it. Two 
distinct methods of describing the effiux in terms of the 
geometric proportions of the gate and the flow are pre- 
sented in the following sections, 

For purposes of clarity, a definition sketch, Fig. l, 
is included, showing the variables which are of primary 


Cb 
Fig. 1. Definition sketch 
importance in the study of the Tainter gate. Other var- 
iables are defined as they are introduced, Mention should 


also be made here that the loss of head in the uniform 


flow sections upstream and downstream from the gate is 


ignored, Assumptions are introduced wherever they are 
necessary for the logical development of the discussion, 
Two-dimensional flow only is treated in this paper, except 
for the inclusion of contraction coefficients obtained 
from the first model study. 


Systematized Characteristics 
Metzler [10] showed that a discharge coefficient for 
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the Tainter gate could be graphically related to the 
ratios of various pertinent boundary lengths. The coef- 


ficient was defined as 


‘a b V2gho (1) 
in which q is the volume rate of flow per unit width of 


gate. in extension of Metzler's graph was obtained by the 
writer through variation of the trunnion height, and the 


| | 4 | | 
| 
rat 
a Fig. 2, Coefficient of discharge for 
free and submerged efflux, a/r = 0,1 
rae results are shown in Figs. 2, 3, and 4. Herein the gate 
- radius r is used as reference, and the basic parameters 


are thus the relative headwater and tailwater depths 
h,/r and h,/r , the relative height of opening b/r , 
and the relative trunnion height a/r. 
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In these figures, the curves rising from the axis of 
C4 = O pertain to submerged efflux. The limiting curves 
on the upper parts of the figures pertain to free efflux. 
Each figure contains the curves for only one ratio of 
a/r but for several values of the other parameters, It 
is evident that for free-jet efflux the changes which 
occur in the magnitude of the discharge coefficient are 
relatively small, although the headwater ratio is varied 


Fig. 3. Coefficient of discharge for 
free and submerged efflux, a/r = 0.5 


widely. For submerged flow, however, a wide variation in 


C, occurs for the same change in h,/r. The influence 


of the other parameters is also apparent in these graphs, 
If the discharge corresponding to given numerical 
values of the geometric variables is to be obtained, the 
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appropriate ratios can be formed and C, found from the 
graphs. Equation (1) will permit calculation of the dis- 


charge to be expected, Additional curves, for more numer- 
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Submerged Effiux 


Fig. 4. Coefficient of discharge for 
free and submerged efflux, a/r = 0.9 


ical values of the parameters represented, are needed for 
full use to be made of this method, 
Free Efflux 

An essential part of the discharge analysis is the 
evaluation of the lip-angle effect upon the jet contrac- 
tion, For free efflux the lip angle (Fig. 5) can be seen 
to modify the coefficient of contraction considerably, As 
is to be expected, the coefficient increases with decreas- 
ing lip angle because the free streamline leaves the lip 
of the gate in a more nearly horizontal direction, The 
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scatter of the experimental points, partly the result of 
the difficulty in measuring accurately the depth of the 
jet, is undoubtedly also caused by the effect of b/h,. 
That at least some variation of C, with b/h, should 


—Weisbach 


von Mises” 


Fig. 5. Effect of lip angie on the 
coefficient of contraction 


occur can be deduced from the variation in the contraction 
coefficient obtained by Pajer for the sluice gate. But 
the lack of experimental evidence is not surprising, be- 
cause the variation can be assumed to be no more pro- 
nounced for the Tainter gate than for the sluice gate. 

If the discharge coefficient defined by Eq. (1) is 
to be evaluated from the coefficient of contraction, re- 
course must be had to the equations of continuity and 
energy. The resulting relationship, 


6 
(2) 


if correct, should yield values of C, in agreement with 
those obtained from Eq. (1). Corresponding values ob- 
tained from Eq. (2) using representative values from the 
plotted points in Fig. 5, indicate a maximum difference of 
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about 10 percent in Cy, for the present data, If the 
relationship between C, and b/h, can be clearly deter- 
mined, the agreement should be better. Some difference 
will always exist, because the assumption of constant 
energy implicit in Er. (2), though approximately correct, 
is not exactly satisfied in real flow. 

For reasons mentioned in the introduction, analytical 
values for the contraction coefficients of Tainter gates 
are not available, Two curves for somewhat different flow 
cases are, therefore, plotted in Fig. 5 for comparison. 
The curve marked "von Mises" is the locus of the contrac- 
tion coefficients calculated for a slot with straight in- 
clined walls at b/hyg = 0. ‘The other curve, marked 
"Weisbach", similarly locates experimental contraction 
coefficients for efflux from a slot at presumably very 
small b/hg values, The data for both of these curves 
were obtained from reference [1]. 

‘If the axis of symmetry of these slots is assumed to 
be replaced by a solid surface, a boundary geometry com- 
parable to that of a gate results, At 90 degrees the gate 
would be equivalent to a sluice gate, and at any angle it 
could be considered a Tainter gate with infinite radius, 
Pajer showed that the theoretical coefficient of contrace- 
tion of the sluice gate departs little from 0.611 for any 


values of b/h, below 0.5. ‘The assumption can hence be 
made that the contraction coefficient for the slot at b/h, 
= 0 will apply, as a first approximation, to the Tainter 


gate at any angle, Although the curves on Fig. 5 seem to 
bear out this assumption, a hydrodynamic analysis of the 
Tainter gate, if mathematically feasible, would still be 
of considerable aid in determining the actual contraction 
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coefficients, 
Submerged Efflux 

If submergence of the gate opening occurs, discharge 
coefficients computed by means of Ex. (2) for use in Eq. 
(1) are obviously not applicable. That C, for submerged 
flow has a wide range of values was shown by the system- 
atized representation in Figs. 2, 3, and 4, Through use 
of some simplifying assumptions, however, this efflux con- 
dition can be analyzed with fair approximation, The 
effect of the various geometric parameters is thereby more 
clearly indicated, 

The continuity relationships, 


the energy equations, 


v2 v2 v2 


2g 3g th 2 +hotH, 


and the momentum equation, 
$a (5) 


can be combined to obtain theoretical relationships for 
the gate efflux, Exuations (3) and (5) express, of course, 
the premises of continuity of flow and of impulse-momentun, 
Equations (4) are based on the assumption that all loss of 
head occurs in the zone of diffusion between sections 1 
and 2. In Eos. (4) and (5) the assumption is introduced 
that hydrostatic pressure distribution prevails not only 
in the tranquil flow sections but also at section 1 im- 
mediately downstream from the gate. The equations are, 
furthermore, written in terms of mean velocities, with the 
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implication that the velocity is constant across each 


section, 
Equations (3) and (4) can be solved simultaneously 


for the discharre, 


29(h,-h, ) (6) 
+1-(h,/h,)” 


in which - =H,/(V; /2g) . To obtain an expression for 
the commonly used discharge coefficient Cy , the dis- 
charge q is eliminated from Eas. (1) and (6), so that 


/ho (7) 


For free efflux h, = C,b and, if H, = 0, Eq. (7) re- 
duces to Eq. (2). 

If "qs. (3), (4), and (5) are solved simultaneously, 
an expression for the head-loss parameter can be obtained: 


y?(8-1) 


-2(a-1)* V[2(a-1)- yA} -y 


In this equation the Greek-letter symbols are introduced 
for typographical reasons only and are defined as follows: 


A plot of Eq. (8) is shown on Fig. 6 as dashed curves, 
These curves, for different values of h,/h, , can be seen 
to branch off from a common base line, the locus of the 


equation 


h 
| 
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2 
2/ ( ) / (9) 
(yAy,) +! 
which pertains to the hydraulic jump. Equation (9) is 
derived in a manner similar to Eq. (8). The depths y, 
and y, are equivalent to the depths C,b and hz, , 


"44 
7 
“Hydraulic Jump 
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Fig. 6. Headloss parameter ¥ 
for submerged efflux 


respectively, for the Tainter gate if the jump occurs at 
the vena contracta, 

Data obtained in the second series of experiments 
were analyzed in the manner indicated by the theoretical 
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development and the results also plotted in Fig. 6. Be- 
cause the geometry of the submerged jet could not be di- 
rectly determined, the coefficient of contraction was as- 
sumed to be the same as for free efflux, although this is 
not strictly true. For a known lip angle, C, was ob- 
tained from a mean curve through the plotted poirts in 
Fig. S. All other values are based on directly measured 
quantities for submerged flow. The similarity in trend 
between the analytic and experimental curves is evident as 
is the difference in their respective locations, For a 
clearer comparison of the simplified analysis with ex- 
perimert, Fig. 7 is included, The only difference between 


Hydraulic Jump 


Fig. 7. Headloss parameter 1 
for submerged efflux 


Figs. 6 and 7 is the use of the jet velocity head instead 
of the downstream velocity head in the head-]oss parameter 
2 =H,/(V? /2g) . This change, easily accomplished 
nunerically by multiplication of wW by (C-b/h.) » makes 
the plot more significant, mainly because the new head- 
loss paremeter can be considered to show the energy loss 
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as a decimal fraction of the energy of the jet. The 

dashed lines of Fig. 7 which again are analytic results, 

show the necessary theoretical tendency for a limit of 

N =1 at large values of h,/C,b. For the experimental 

points, and the curves derived from them, the same general 

shape can again be noted, but the limit does not apply. 
The lack of agreement in location between the analyti- 


cally determired curves and those derived from experi- 


mental data stems from Eqs. (4) and (5) - some assumptions 


were made which are known to be at best merely approxi- 
mations of the actual efflux from gates, but which were 
desirable because of the resultant mathematical simplic- 
ity. The square of the mean velocity was thus used as an 
indication of the kinetic energy in each section although 
the meanof the squares of the actual velocity distribution 
may well be considerably larger. The effect of boundary 
sheer was completely ignored as were the complex flow con= 
ditions existing at section 1. Here the assumption of 
hydrostatic pressure distribution and the use of the mean 
velocity of the jet may be only very rough approximations 
of the mechanics of diffusion and of the roller above the 
jet. Equations (4) and (5) would have to be expressed as 
integrals [11], therefore, if a more accurate solution 
were required, For the purpose of this paper the simpli- 
fied analysis is sufficient, however, because the impor- 
tant parameters were easily discernible, and the function- 
al trend of the equations as shown in Figs. 6 and 7 would 
not be greatly changed by the refinements mentioned, 


Closure 
Discharge characteristics of Tainter gates, which 
heretofore were usually determined only for individual 
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gates, are shown to yield to functional representation for 
both free and submerged efflux, The systematic graphs, 
presented by Metzler, of the relationship between the dis- 
charge coefficient and the geometry of the gate and flow 
have been extended to include a variable trunnion height. 
Further extension of these graphs would permit represen- 
tation of any desired geometry including piers and sills. 
Such extension would not affect the simplicity of calcu- 
lating the discharge. 

Although 2 complete theoretical analysis of the dis- 
charge characteristics does not seem possibie at present, 
the existing theoretical tools can be applied to ascertain 
the important parameters and the functional trends among 
them, Under conditions of free efflux von Mises* contrac- 
tion coefficient for slots with inclined walls is thus 
seen to approximate the variation with the lip angle of 
the coefficient for actual Tainter gates. The effect of 
the ratio of gate opening to headwater depth is indicated, 
moreover, by Pajer's analysis of the sluice gate. 

& one-dimensional analysis of the flow similarly pro- 
vides not only the parameters pertinent to the effect of 
submergence but also the nature of the functional rela- 
tionships among them. In essence this analysis separates 
the effect of submergence from that of contraction. The 
latter must be assumed at present to be the same for sub- 
merged as for free efflux. For any jet geometry, however, 
a single family of curves should be sufficient to deter- 
mine the head-loss parameters, 

The results of the model studies presented in this 


paper are directly applicable to Tainter-gate installa- 


tions on level floors. Their reliability, of course, 
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would be enhanced by comparison with prototype data be- 
cause the effect of lip shape and of viscous forces were 
not determined in the models, The general methods of 
analysis applied to the data is applicable, however, to 
other types of gates. 
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